Abstract-Except for asteroid sample return missions, measurements of the spectral properties of both meteorites and asteroids offer the best possibility of linking meteorite groups with their parent asteroid(s). Visible plus near-infrared spectra reveal distinguishing absorption features controlled mainly by the Fe 2+ contents and modal abundances of olivine and pyroxene. Meteorite samples provide relationships between spectra and mineralogy. These relationships are useful for estimating the olivine and pyroxene mineralogy of stony (S-type) asteroid surfaces. Using a suite of 10 samples of the acapulcoite-lodranite clan (ALC), we have developed new correlations between spectral parameters and mafic mineral compositions for partially melted asteroids. A well-defined relationship exists between Band II center and ferrosilite (Fs) content of orthopyroxene. Furthermore, because Fs in orthopyroxene and fayalite (Fa) content in olivine are well correlated in these meteorites, the derived Fs content can be used to estimate Fa of the coexisting olivine. We derive new equations for determining the mafic silicate compositions of partially melted S-type asteroid parent bodies. Stony meteorite spectra have previously been used to delineate meteorite analog spectral zones in Band I versus band area ratio (BAR) parameter space for the establishment of asteroid-meteorite connections with S-type asteroids. However, the spectral parameters of the partially melted ALC overlap with those of ordinary (H) chondrites in this parameter space. We find that Band I versus Band II center parameter space reveals a clear distinction between the ALC and the H chondrites. This work allows the distinction of S-type asteroids as nebular (ordinary chondrites) or geologically processed (primitive achondrites).
INTRODUCTION
Significant progress has been made during the last several decades in linking stony (S-complex) asteroids to their olivine-and/or pyroxene-rich stony meteorite counterparts. Initial work to formulate correlations between the spectral parameters of mafic silicate assemblages and their mineralogical properties utilized laboratory visible (VIS) plus near-infrared (NIR) reflectance spectra of natural terrestrial olivine and pyroxene mixtures (Adams 1974; Cloutis et al. 1986; King and Ridley 1987) . More recent studies make use of mineralogical and spectral properties of meteorite samples to develop equations useful for estimating the olivine and pyroxene mineralogy of asteroid surfaces from the band parameter analysis of their VIS+NIR spectra. In particular, these studies have demonstrated that Fe 2+ compositions of olivine Fa (mol% fayalite; Fe 2 SiO 4 ), and pyroxene Fs (mol% ferrosilite; FeSiO 3 ), and modal mineral abundances of these minerals can be extracted from the reflectance spectra of some S-complex asteroids. Mineralogic equations based on stony meteorites for the estimation of S-complex asteroid surface mineralogy have been published for ordinary chondrites (H, L, LL) (Burbine et al. 2003; Dunn et al. 2010a) ; howardite, eucrite, diogenite (HED) meteorites (Burbine et al. , 2009 Moskovitz et al. 2010) ; and olivine-dominated (R chondrite, brachinite, pallasite) meteorites (Reddy et al. 2011; Sanchez et al. 2014 ). These equations help to correlate S-complex asteroids to meteorite types that possess diverse petrologic histories: unmelted nebular material represented by chondrites; and magmatic (totally melted) achondrites represented by HED meteorites. The petrologic histories of rare olivine-dominated asteroids are not as evident. They may represent: pallasites (mixtures of olivine cumulates and FeNi metal, which are thought to represent asteroidal coremantle boundaries; Sunshine et al. 2007 ), R chondrites (olivine-rich nebular material; Sanchez et al. 2014) , brachinites (olivine-rich partial melt residues; Sunshine et al. 2007; Sanchez et al. 2014) , or a combination of the above. In the near future, only a few bodies will be visited for asteroid sample return. In the meantime, spectral and mineralogical studies of meteorites make it possible to derive S-complex asteroid surface mineralogies using solely ground-based observations. Gaffey et al. (1993) categorized the spectral parameters of S-complex asteroids into seven mineralogical subtypes that generally cluster near the olivine-orthopyroxene mixing line of Cloutis et al. (1986) 
: olivine-dominated objects (S[I]), olivinepyroxene mixtures representing ordinary chondrites and primitive achondrites (S[II] to S[VI])
, to nearly pure pyroxene or pyroxene-feldspar-metal mixtures (S[VII]) (Fig. 1) . These classifications are possible because Scomplex asteroids reflect near-infrared photons that carry strong~1 lm (Band I) and/or~2 lm (Band II) absorptions caused by the presence of Fe 2+ in olivine and pyroxene (Burns 1993) . Band I center is sensitive to the iron contents of olivine and pyroxene and their modal abundances, and the ratio of the two band areas (BAR; Band II area/Band I area) is sensitive to their modal abundances (Cloutis et al. 1986 ). Gaffey et al. (1993) proposed potential meteorite analogs for each of the seven subtypes plus a basaltic achondrite (BA) zone (Fig. 1) . The BA zone is associated with howarditeeucrite-diogenite (HED) meteorites that are generally accepted as originating from 4 Vesta and its collisional family (Vestoids) (McCord et al. 1970; Gaffey 1997; McSween et al. 2013; Russell et al. 2015) . The nebular ordinary chondrite (OC) class of meteorites is associated with the S(IV) mineralogical zone ("OC boot") ( Fig. 1 ) (Gaffey et al. 1993 (Gaffey et al. , 2002 . Significant progress has been made in extracting detailed mineralogic interpretations for S-complex asteroids that possess spectral properties connected with the S(IV) zone. Burbine et al. (2003) derived an equation for determining the olivine and pyroxene modal abundances of OCs from analysis of BAR. This correlation was modified by Dunn et al. (2010a Dunn et al. ( , 2010b ) who added equations for determining the compositions of olivine (Fa) and pyroxene (Fs) in OCs from analysis of Band I centers. These equations successfully discriminate the H, L, and LL groups of the OC class. Despite these improvements in forming asteroid-meteorite links for nebular (OCs) and igneous (BA) material, associations between S-complex asteroids and partially melted (primitive achondrite) meteorites have not been established. Primitive achondrites possess silicate mineralogies composed predominantly of olivine and pyroxene and have been associated with some Scomplex asteroids (Hiroi et al. 1993; Gaffey et al. 1993; McCoy et al. 2000; Burbine et al. 2001; Dunn et al. 2013; Lucas et al. 2016 ). Yet, because there have not been many laboratory spectral measurements of primitive achondrites meteorites, the association remains vague.
Primitive achondrites include several groups of stony meteorites that have mineral and bulk compositions that are similar to chondrites in many aspects, but have achondritic textures formed as residues from low degrees of partial melting (Prinz et al. 1983) . These groups include the ureilites, brachinites, winonaites, acapulcoites, and lodranites. The ureilites are thought to be residues from the partial melting/ smelting of carbonaceous chondrite-like precursor material (Warren and Kallemeyn 1992; Singletary and Grove 2006) . Ureilites have experienced at least 15% partial melting (Warren and Kallemeyn 1992; Krot et al. 2007) , generally higher than that of the acapulcoite and lodranite groups. Brachinites are olivine-rich (~80-90 vol%) primitive achondrites (Mittlefehldt et al. 2003) . Early models of origin for brachinites include the metamorphism and oxidation of chondritic material (Nehru et al. 1996) , though further study of more recent brachinites has concluded that Gaffey et al. (1993) Asteroid S-subtypes "olivine-dominated" "OC boot" "basaltic achondrite" (BA) S(II) through S(VI) "ol+px mixtures"
Fig. 1. Asteroid S-subtypes (S[I] through S[VII]
) and the basaltic achondrite (BA) spectral regions of Gaffey et al. (1993) shown in Band I center (~1 lm) versus band area ratio (BAR) parameter space; the thick black curve indicates the location of the olivine-orthopyroxene mixing line of Cloutis et al. (1986) . (Color figure can be viewed at wileyonlinelibrary.com.) their petrology and geochemical characteristics indicate an igneous origin (Mittlefehldt et al. 2003) . The winonaites are a small group (~30 meteorites) of primitive achondrites that exhibit chondritic mineralogies and bulk compositions. They have oxygen isotopic compositions similar with two groups of silicate-bearing iron meteorites (IAB and IIICD), suggesting the formation of these meteorites on a common parent body (i.e., a clan) (Benedix et al. 1998; Krot et al. 2007) . Primitive achondrites of the acapulcoite-lodranite clan (hereafter ALC) have been described by McCoy et al. (1997b McCoy et al. ( , 2000 , and Mittlefehldt et al. (1996) . Acapulcoites are essentially chondritic in composition, but have experienced very low degrees of partial melting (<1 to~5%). These meteorites have been heated to~950-1050°C, warm enough to induce FeNi-FeS cotectic melting (McCoy et al. 1997b) . They exhibit granular, recrystallized textures, and are fine-grained with grain interstices typically filled with FeNi metal, indicative of this heating. Lodranites have larger grain-sizes and show higher degrees of partial melting (~5 to 20%) than the acapulcoites, enough for melt pockets to grow substantially to form interconnected channels, conducive for melt segregation. These meteorites experienced temperatures of~1050-1200°C, hot enough to produce basaltic partial melts (McCoy et al. 1997a ). Accordingly, they display equigranular textures with numerous 120°triple junctions (McCoy et al. 2000) . Oxygen isotope (McCoy et al. 1996; Clayton et al. 1992 ) and cosmic ray exposure age (CRE) data (Eugster and Lorenzetti 2005; Patzer et al. 2003) for acapulcoites and lodranites overlap and point to a single parent body for the clan (Mittlefehldt et al. 1996; McCoy et al. 1997a) . These meteorites are posited to represent samples from a lithologically diverse, partially differentiated asteroid.
Several models have been developed to explain the petrologic and chemical properties of these partially melted rocks. The ALC display properties of a continuous range of whole-rock partial melting (<1 tõ 20%) that reflect parent-body scale melting on the acapulcoite-lodranite parent body (ALPB). Yet, petrologic and geochemical evidence are consistent with melting of heterogeneous precursor materials and more localized igneous processes (Mittlefehldt et al. 1996; McCoy et al. 2000) . Mittlefehldt et al. (1996) argued that igneous heating on the ALPB was heterogeneous in both space and time, and that melting on a parent-body scale (e.g., resembling Vesta and the HEDs) probably did not occur. McCoy et al. (1997a) concluded that acapulcoites and lodranites represent the residues from different degrees of partial melting of common, yet isotopically and chemically heterogeneous chondritic precursor materials. Lodranites experienced temperatures high enough to segregate basaltic partial melts (plagioclase-pyroxene). The lack of preservation of these partial melts or their crystallized products (basalts) may suggest that they were removed from the asteroid parent body early in solar system history. McCoy et al. (1997b) evoked pyroclastic volcanism to explain the missing basalts that would be complementary to the residual lodranites. However, removal by the gradual or catastrophic comminution of an ALPB basaltic crust cannot be ruled out. Eugster and Lorenzetti (2005) proposed a two-layer "onion shell" model that suggests acapulcoites formed from an earlier and faster cooling outer layer, while lodranites formed within a slower and later cooling inner layer of the ALPB. Rubin (2007) posited that the petrogenesis of the ALC clan involved shock melting of a CR-like carbonaceous chondrite precursor, with subsequent postshock annealing taking place beneath an insulating regolith to explain the low shock-stage rocks of the clan.
Trace element (Floss 2000a ) and bulk-rock (Patzer et al. 2004 ) chemical analyses show an entire range of different metamorphic degrees, from primitive acapulcoites that have textures similar to chondrites (some with relict chondrules) and near chondritic compositions, to lodranites that have recrystallized textures and experienced segregation of silicate melts. These analyses show that the petrologic diversity of the ALC is more complex than simple division into each meteorite group. Consequently, Patzer et al. (2004) subdivided the ALC into five petrologic types based on increasing temperature and migration of eutectic metalsulfide and silicate melts, features that help to explain their varying degrees of petrologic evolution. They are (1) primitive acapulcoites, (2) typical acapulcoites, (3) transitional acapulcoites, (4) enriched acapulcoites, and (5) lodranites. Small-scale melt migration processes within these rocks would have contributed to the mineralogical heterogeneity of the ALPB (Patzer et al. 2004) .
Multiple studies have demonstrated that the ALPB should be spectrally related to some asteroid subtype of the S-complex (Gaffey et al. 1993; Hiroi et al. 1993; McCoy et al. 1997b McCoy et al. , 2000 Burbine et al. 2001) . Before the Near-Earth Asteroid Rendezvous spacecraft (NEAR Shoemaker) analyzed near-Earth asteroid (NEA) 433 Eros (Cheng 2002) , there was speculation that 433 Eros might have experienced some degree of melting analogous to primitive achondrites (McCoy et al. 2000; Burbine et al. 2001) . However, mission results indicated homogeneous spectral properties across its surface consistent with an ordinary chondrite composition Cheng 2002) . One clue regarding the search for the source of the ALPB is that ALC meteorites possess short CRE ages (~4-7 Myr) and display a tight cluster of values (Eugster et al. 2006) . These values indicate an "express" delivery source region for the clan. Dunn et al. (2013) found a probable source region at the Jovian 3:1 mean-motion resonance for one primitive achondrite-like NEA. Interestingly, H chondrites are thought to be sourced from the 3:1 mean-motion resonance (Gaffey and Gilbert 1998; Thomas and Binzel 2010) , and this group also has short CRE ages (median~7 Myr; Marti and Graf 1992) that overlap that of acapulcoite-lodranites (Eugster and Lorenzetti 2005) . Despite the similarities in CRE ages between the ALC and H chondrites, the source region(s) for the ALPB remains unclear.
Although a candidate for the ALPB has not been identified, the spectral properties of some S-complex asteroid types have olivine+pyroxene mineralogies consistent with the clan. The chemical and mineralogic properties of ALC meteorites are well known. However, the difficulty in the identification of plausible parent asteroids for the ALC is in part due to the lack of highquality reflectance spectra of these uncommon meteorites. To address this shortcoming, we acquired high-quality VIS+NIR reflectance spectra of 10 ALC meteorites after the neutralization and removal of terrestrial weathering products. We performed detailed spectral band parameter measurements of these spectra. In order to derive more robust relationships between the spectral parameters and mineral compositions of acapulcoites-lodranites, we also measured the mineral compositions of their silicate phases using electron probe microanalysis (EPMA). The chemical and spectral analyses of acapulcoite-lodranite meteorites presented here provide additional data to help identify asteroids that have mineralogies consistent with the ALC. Our comparison of the spectral and compositional features of these samples yield spectral calibrations to provide more accurate mineralogic interpretations for S-complex asteroid spectra, which may make it possible to spectrally distinguish other partially differentiated asteroids.
ACAPULCOITE-LODRANITE SAMPLES
A suite of 10 meteorites of the acapulcoite-lodranite clan were obtained for this study. The samples were then prepared for major element analysis of minerals and for the acquisition of VIS+NIR reflectance spectra. Many meteorites of the ALC have been well characterized geochemically; however, there is a lack of data regarding VIS+NIR reflectance spectra for these partially melted rocks. All of the samples analyzed in this study are classified as meteorite "finds"; the eponymous meteorites of the ALC, Acapulco, and Lodran, respectively, are the only known "falls" among the clan (Meteoritical Bulletin Database; https://www. lpi.usra.edu/meteor/, accessed June 4, 2017). Our sample suite includes four acapulcoites, five lodranites, and one transitional acapulcoite-lodranite. Transitional meteorite LEW 86220 is an acapulcoite in composition and grain size, and also contains a discrete coarsegrained gabbroic lithology (McCoy et al. 1997b; Floss 2000b) .
Four Antarctic samples were provided by the NASA Meteorite Working Group (MWG) ( Table 1) . We acquired six meteorite samples commercially, five found in Northwest Africa (NWA), and one sample found in Dhofar, Oman (Table 1 ). For the Antarctic samples, we obtained both bulk chip specimens (~500 mg) and polished thin sections. For the six commercial samples, we obtained bulk unpolished slabs (~1-2 g) in order to have enough material for powdering and polished thick section preparation. Sample characteristics are listed in Table 1 .
Petrographic Sample Preparation
Polished thin or thick sections were prepared for petrographic and major element analyses of minerals for the 10 acapulcoite-lodranite samples. The Antarctic specimens were prepared as polished thin sections of 30 lm thickness mounted on 1-inch acrylic disks. The commercially acquired specimens were cut into thick sections using a low-speed petrographic saw with cutting oil as a lubricant in order to avoid oxidation of the specimens. One surface of each thick section was chosen as the analytical surface, and the section was cast in acrylic for electron probe microanalysis. The analytical surface of each specimen was first ground using aluminum oxide sanding disks to 400 grit (~22 lm) size, then polished to a final surface of 1 lm using diamond polishing paste of three progressively smaller particle sizes. Water was not used in any part of the process. Rather, oil and reagent alcohol were used for the cutting, grinding, and polishing stages.
Reflectance Spectroscopy Sample Preparation
We prepared meteorite powders (<125 lm) from the bulk chips or unpolished slabs of each sample for use in the acquisition of VIS+NIR reflectance spectra. Sample preparation techniques were consistent for all specimens and we thoroughly cleaned all instruments with isopropanol (99.9% assay) after handling each specimen to prevent cross-contamination. These meteorites contain from <1 to 29 vol% metal. Metal content can alter the slope of reflectance spectra and suppress absorption band depth (Cloutis et al. 2015) . However, the band parameters used to derive the mafic silicate mineralogy of our ALC meteorites for comparison to Stype asteroids (band centers and BAR) are largely insensitive to metal contents (Cloutis et al. 2010 (Cloutis et al. , 2015 . Analysis of these band parameters includes division of the absorption features by a straight-line continuum; therefore, band parameters such as band centers and BARs are insensitive to continuum slope variations produced from metal content (Cloutis et al. 1986; Gaffey 2010) . Cloutis et al. (2015) showed that Band I position is principally unaffected by metal abundances of <80 wt%. Furthermore, although increasing metal content can suppress band depth, thereby reducing band area, using the ratio of Band II area/Band I area (BAR) effectively cancels out any reduction in band area due to metal content. We therefore removed the metallic fraction of each acapulcoite-lodranite sample during our powdering procedure, in order to acquire reliable spectra of the silicate fraction.
The meteorites were coarsely crushed (~250-500 lm) and placed in a glass culture dish with isopropanol. The metal fraction of each meteorite was isolated from the silicate fraction by passing a strong magnet underneath the culture dish. The metal fraction was then removed from the culture dish with tweezers, leaving behind the silicate fraction and weathered material. This method was performed serially (3-59) to remove a maximum amount of metal from each sample. After drying, masses of the separated metal and silicate fractions were measured. We typically recovered 90-95% of the initial mass of each bulk specimen used for powdering.
In order to compare the reflectance spectra of meteorites to asteroids, we powdered the remaining silicate fractions in an agate mortar and pestle and dry sieved the powder to <125 lm (Burbine et al. 2003) . Asteroid surfaces are generally blanketed in regolith, therefore meteorite powders of <125 lm provide a suitable analogue in the laboratory. For a detailed treatment regarding meteorite sampling and preparation, see the Appendix in Jarosewich (1990) .
Ethanolamine Thioglycolate Treatment
The spectral signatures of meteorite "finds" are affected by terrestrial weathering during the long intervals spent in Antarctic ice or on the desert floor (Hiroi et al. 1993) . For meteorites that contain considerable amounts of metallic FeNi, weathering is typically expressed through the oxidation of metal into iron hydroxides (e.g., limonite). All 10 acapulcoitelodranite samples suffer from variable amounts of terrestrial alteration (Table 1) .
Our method of neutralization and removal of these weathering products used an ethanolamine thioglycolate (EATG) solution (Cornish and Doyle 1984) that, to our knowledge, has not been previously applied to reflectance spectroscopy of meteorite powders. The EATG leaching method has been used to remove iron hydroxide alteration products from weathered meteorites for oxygen isotope studies (Martins et al. 2007; Greenwood et al. 2012 ). This method is preferred to conventional leaching using dilute HCl, as treatment in acid can partially remove feldspathic silicates (Greenwood et al. 2012) . Experience by one of us (T. Hiroi) has shown that treatment with dilute HCl can also result in a residual H 2 O absorption band near 2 lm that is difficult to remove for particulate samples. We applied the EATG leaching method to the powders (<125 lm) of all samples and acquired their VIS+NIR reflectance spectra both before and after treatment. The effectiveness of this method in removing iron hydroxide alteration from meteorite powders can be observed qualitatively from photographs of the powder specimens (Fig. 2) . Individual samples were placed in glass scintillation vials and leached in a solution of 15% EATG in isopropanol (99.9% assay) for a minimum of 4 h. The thioglycolate anion will react with Fe 3+ in solution to form a violet-colored ferrothioglycolate complex (Cornish and Doyle 1984) . The intensity of this colored-complex serves as a handy gauge of the degree of weathering for each specimen. The more weathered samples were given a second treatment in 5% EATG solution for a minimum of 2 h. The samples were washed several times with isopropanol and then dried for spectral analysis.
To investigate possible effects that the EATG leaching method may have on spectral band parameters, we applied the same EATG method on sample powders (<125 lm) of natural olivine and pyroxene control samples. We measured the spectral band parameters for these controls both before and after treatment with EATG. Band parameter results for these control samples are discussed in the EATG-Treated Olivine and Orthopyroxene Control Samples section below. Additionally, to compare our EATG "cleaned" meteorite spectra with spectra of "fresh" acapulcoite-lodranite falls, we have included in our analysis the reflectance spectra of the Acapulco and Lodran meteorites from the RELAB spectral database (http://www.planetary.b rown.edu/relabdata/).
EATG-Treated Olivine and Orthopyroxene Control Samples
In order to demonstrate that measured band centers of the mafic silicates found within our samples are not affected by the EATG leaching procedure, we applied the EATG method to powders (<125 lm) of natural mineral specimens that we used as control samples. The formation of a faint violet-colored ferrothioglycolate complex during the leaching procedure verified that the control samples contained a minor amount of oxidized material.
We acquired the VIS+NIR reflectance spectra (see the VIS+NIR Bidirectional Reflectance Spectroscopy section) of the following natural mineral specimens both before and after treatment with EATG: San Carlos olivine (Fa 10 ), an orthopyroxene (enstatite) sample from Tanzania (Fs 9 ), and a 50/50 wt% mixture of the two minerals. Untreated versus EATG-treated sample spectra are overplotted (reflectances not offset) for each of the three controls in Fig. 3 . The EATG-treated samples show a slight increase in band depth for both Band I and Band II. This small increase may be the result of the removal of a small amount of weathering products during the leaching procedure. The band centers are essentially unaffected by the EATG treatment.
To quantify these observations, we measured the band parameters of both untreated and treated control samples using the same methods (see the Spectral Band Parameter Measurements section) used for the acapulcoite-lodranite meteorites. The results are given in Table 2 . EATG-treated samples show increased band depths and therefore an increase in band area. Similar to the results observed for the meteorites (see the Acapulcoite-Lodranite Spectral Results section), measured Band I centers for EATG-treated control samples are identical to the untreated values. Measured Band II centers for EATG-treated controls only show small variation (≤0.01 lm) from untreated values. We conclude that band center positions of olivine and orthopyroxene are unaffected by the application of the EATG weathering removal method.
ANALYTICAL METHODS

Petrography
Petrographic analysis of four polished thin sections and six polished thick sections (mounted on 1 inch acrylic rounds) was performed using a polarizing light microscope. After noting petrographic descriptions, we prepared highresolution photomosaic images of each sample section. For the thin sections, we created three photomosaics, one each in plane-polarized (PPL), cross-polarized (XPL), and reflected light (RL). For the thick sections, we created only RL photomosaics. We used low power (25x) under a planachromat objective with a Nikon DS-Fi1 camera to record high-resolution photomicrographs. These images were then stitched together in software (NIS Elements 2.30) to construct the photomosaics. XPL photomosaics of acapulcoite MET 01212 and transitional acapulcoite LEW 86220 are shown in Fig. 4 . Relevant petrologic descriptions and modal mineral abundances for acapulcoites and lodranites from our analysis and the literature are in supporting information.
Electron Probe Microanalysis
We measured major elements in minerals with electron probe microanalysis (EPMA), using the Cameca SX100 electron microprobe at the University of Tennessee. Quantitative analyses were carried out via wavelength dispersive spectrometry (WDS), using a 15 kV accelerating voltage, beam currents of 10-30 nA, and a spot size of 1 lm. Standards, which include both natural (olivine, diopside, hematite, spessartine, spinel, and rutile) and synthetic (Cr and Ni metal) reference materials, were measured regularly during analytical sessions to ensure data quality. Background and peak counting times for the major elements were typically 20-30 s, and ZAF corrections were applied using the Cameca PAP procedure. Mineral phases varied from sample to sample, but when present, the following mineral phases were analyzed using WDS mode: olivine (Ol), orthopyroxene (Opx), clinopyroxene (Cpx), plagioclase (Pl), spinel (Spl), and apatite (Ap). We typically did not analyze iron-nickel (FeNi) metal or iron sulfides (FeS, or troilite) . For each meteorite, we analyzed the cores of multiple grains (typically n = 10-12) of major mineral phases and at least three spots per grain for minor mineral phases. To check for mineral zoning, we analyzed transects (typically 10-20 spots) across representative grains for all major mineral phases in each meteorite sample. Detection limits for silicates and spinels were: <0.03 wt% for SiO 2 , MgO, TiO 2 , Al 2 O 3 , CaO, and Na 2 O; <0.04 wt% for K 2 O and Cr 2 O 3 ; <0.05 wt% for FeO, MnO, and P 2 O 5 ; and <0.06 wt% for NiO. Electron backscatter (BSE) images were obtained of representative phases for each meteorite specimen. Our EPMA results for major element mineral compositions of acapulcoite-lodranite meteorites are presented in Tables 3 through 6 .
VIS+NIR Bidirectional Reflectance Spectroscopy
We measured reflectance spectra of the powdered silicate fraction of each meteorite using the bidirectional spectrometer (0.32-2.55 lm) at Brown University's Keck/NASA Reflectance Experiment Laboratory (RELAB). For a detailed discussion of the capabilities of the instruments at RELAB, see Pieters and Hiroi (2004) . The spectra were collected under standard operating parameters, which include a spectral resolution set to 0.01 lm for each of the four gratings that cover the wavelength range, and a viewing geometry of 30°incidence and 0°emergence angle. We collected reflectance spectra for all meteorite powders both before and after EATG treatment (see the Acapulcoite-Lodranite Spectral Results section). The RELAB IDs of our sample suite are listed in Table 1 . The RELAB sample IDs of the namesake "falls" of the acapulcoite and lodranite groups are: Acapulco (TB-TJM-043) and Lodran (TB-TJM-041).
Spectral Band Parameter Measurements
We measured the band parameters of the strong 1 and 2 lm absorption bands (Band I and II, respectively) for eight meteorite spectra from our sample suite, and also the meteorites Acapulco and Lodran. We used an Interactive Data Language (IDL)-based code, the Spectral Analysis Routine for Asteroids or SARA (Lindsay et al. 2015) to measure Band I and II centers, depths, areas, band area ratios, and their uncertainties. The band area ratio (BAR) is defined as the ratio of (Band II area)/(Band I area). The SARA algorithm computes linear continua across the broad Band I and II absorptions by fitting 5th-order polynomials to the absorption band shoulders and then fitting linear continua tangentially to the shoulders, and then divides the spectral segments by their respective continuum. We used a red edge (i.e., the termination wavelength of Band II) of 2.44 lm as the SpeX spectrograph loses sensitivity longward of 2.45 lm (Lindsay et al. 2016) . Band centers and depths are measured three times using 3rd-through 5th-order polynomial fits to the lower one-half of Band I and to the entirety of Band II. Final band center values are taken as the average of the three polynomial fits. Errors are calculated using a Monte-Carlo method, which creates 20,000 synthetic reflectance data points for each polynomial order, thereby generating 3 9 20,000 measurements to obtain band center and depth errors. The final 1r center and depth errors are defined as the average of the three error measurements. For a detailed description of SARA, see Lindsay et al. (2015) . Band parameter results for untreated acapulcoite-lodranite meteorites are presented in Table 7 and band results for EATG treated meteorites are listed in Table 8 .
RESULTS
Petrography
Petrographic descriptions and mineral compositions for some (6 of 10) of the ALC samples have been published by other workers. We report in the supporting information brief petrographic descriptions for all 10 meteorites. The modal abundances of mineral phases for five samples (NWA 2871, LAR 06605, NWA 5488, NWA 7312, and NWA 7674) were point counted at 1009 in polarized and reflected light using a step interval of 0.3 mm. We found average modal abundances (vol%) for acapulcoites (n = 3) of (1r standard deviation in parentheses): olivine 27.8 (1.1), orthopyroxene 20.6 (13.1), clinopyroxene 8.1 (1.4), plagioclase 12.1 (1.7), FeNi metal 16.6 (11.9), troilite 5.9 (4.0), chromite 0.6 (0.3), phosphates 0.6 (0.5), and limonite (weathering products) 7.6 (11.4). For lodranites (n = 5), we found average modal abundances (vol%) of: olivine 36.4 (8.4), orthopyroxene 31.9 (16.2), clinopyroxene 5.4 (4.5), plagioclase 1.3 (1.8), FeNi metal 13.5 (11.2), troilite 0.5 (0.8), chromite 0.3 (0.4), phosphates-trace, and limonite (weathering products) Fig. 4 . a) Cross-polarized photomicrograph mosaic of acapulcoite MET 01212. The fine-grained recrystallized, equigranular texture, and abundant 120˚triple junctions typical for acapulcoites are apparent in the thin section. Note the two different grain sizes within this rock. b) Cross-polarized photomicrograph mosaic of transitional acapulcoite-lodranite LEW 86220. Two lithologic textures are present within this specimen, a fine-grained region (~0.15 mm) with an acapulcoite-like texture and mineralogy (left side of image), and a coarser grained (0.5-2.0 mm) gabbroic-like region that is rich in plagioclase and clinopyroxene. The boundary between the two lithologies (red-dashed line) is not sharp and is difficult to demarcate. 10.6 (10.3) . Modal abundances for all 10 ALC meteorites can be found in Table S1 of the supporting information. We have analyzed all samples for major element mineral chemistry (see the Mineral Compositions section) and for spectral band parameters (see the Acapulcoite-Lodranite Spectral Results section) to enhance the interpretive power of these acapulcoitelodranite meteorite analyses for associations with potential asteroid spectral analogs. Of the 10 meteorites from our sample suite, we only found a VIS+NIR reflectance spectra for one acapulcoite-lodranite (MAC 88177) in the literature (Hiroi et al. 1993) . We report the results of our VIS+NIR spectral analysis in the Acapulcoite-Lodranite Spectral Results section.
Mineral Compositions
Olivine
Olivine core compositions are listed in Table 3 . Olivine fayalite composition (Fa = molar Fe/[molar Mg+Fe] 9 100) ranges from Fa 3.4 (NWA 7312) to Fa 14.0 (MAC 88177). Olivines within the lodranite group are generally more iron-rich than the acapulcoites. Olivine grains from several lodranites exhibit reverse zoning (FeO decreases from core to rim). No zoning of olivine is observed in acapulcoites.
Pyroxenes
Low-Ca pyroxene core compositions are given in Table 4 , and high-Ca pyroxene core compositions are listed in Table 5 . Low-Ca pyroxene ferrosilite compositions (Fs = molar Fe/[molar Mg+Fe+Ca] 9 100) show a broader range of Fs (Fs 3.3 to Fs 12.8 ), than for high-Ca pyroxene (Fs 3.4 to Fs 6.5 ). Similar to the olivine compositions, pyroxenes in lodranites are more iron-rich than those in acapulcoites. Orthopyroxenes in the lodranites have higher average CaO and Al 2 O 3 contents than those in the acapulcoites. The lodranites exhibit reverse CaO zoning (CaO decreases from core to rim) in orthopyroxene. Exsolution lamellae of orthopyroxene in Table 3 . Average major element compositions (wt% oxides above; atoms per formula unit below) for representative olivine grains (basis of four oxygens). 6.03 (15) 7.93 (7) 8.61 (19) 6.97 (23) 2.27 (6) 7.37 ( clinopyroxene and vice versa are observed in some lodranites, but were not observed in the acapulcoites. High-Ca pyroxene is more abundant volumetrically within acapulcoites, and is less abundant or not detected (NWA 7312) in the lodranites. We analyzed high-Ca pyroxenes in both the acapulcoite-like and gabbroic lithologies of transitional acapulcoite-lodranite LEW 86220 and their chemistries are remarkably similar (Table 5) . High-Ca pyroxenes in both meteorite groups contain significant amounts of Cr 2 O 3 (1.10-1.73 wt%) and therefore are considered to be chromium diopsides (McCoy et al. 1997a) . Figure 5 shows the Fs of orthopyroxenes versus the Fa of olivines for ALC meteorites. Orthopyroxene (i.e., low-Ca pyroxene) Fs values are well correlated with Fa of coexisting olivine. The mafic silicates of ALC meteorites span a wide range of oxidation states and plot between those of highly reduced enstatite (E) chondrites and H chondrites. Lodranites are generally more iron-rich than acapulcoites and the two groups cluster in separate Fs versus Fa fields, although there is some overlap between the groups (Fig. 5) . NWA 7312 has a significantly lower iron content compared to the rest of the clan and plots in the E chondrite field.
Plagioclase
We analyzed plagioclase in all of our acapulcoites and as a major phase in only two lodranites (LAR 06605 and NWA 7674). Plagioclase compositions are listed in Table 6 . Plagioclase is oligoclase in composition and has relatively homogeneous K 2 O (1997a) found that lodranites with high Fa content in olivine (~Fa 7.5-13 ) tend to have very low plagioclase modal abundances, and those lodranites with lower Fa content in olivine (~Fa <7.5 ) tend to have higher plagioclase abundances (6.0-10.3 vol%). All lodranites from this study have high iron contents in olivine (>Fa 10.5 ). Plagioclase was not detected in one lodranite (NWA 7312) and a minor phase in two others (MAC 88177 and NWA 5488), so our results support this trend. Lodranite NWA 7312 does not follow this trend, however, as plagioclase was not detected even though it has a very forsteritic olivine composition (Fa 3.4 ). Plagioclase was not analyzed in MAC 88177, although we found a~40 lm diameter SiO 2 -rich feldspathic glass melt inclusion within an olivine grain, consistent with melt inclusions reported by Prinz et al. (1991) in the same meteorite.
Acapulcoite-Lodranite Spectral Results
The acapulcoite and lodranite spectra collected during this study reveal distinguishing absorption features controlled mainly by the Fe 2+ content and the modal abundances of the mafic silicate minerals olivine and pyroxene. Olivine exhibits a broad absorption band centered at~1 lm, and ortho-and clinopyroxene typically display two strong absorptions centered at 0.9 lm and~2.0 lm. Cloutis et al. (1986) showed that olivine+orthopyroxene mixtures exhibit well-defined behavior in band center versus band area ratio (BAR) parameter space. The analysis of our acapulcoitelodranite spectra (Fig. 6 ) is therefore focused on olivine and orthopyroxene. These minerals are the dominant silicate phases in these meteorites, and they are present in quantities abundant enough to exhibit strong 1 and 2 lm spectral absorptions. The results of our band parameter analysis for untreated (i.e., before removal of terrestrial alteration) sample spectra are given in Table 7 , and the band parameter results of our sample spectra after removal of alteration via EATG treatment are listed in Table 8 . We also analyzed the spectral band parameters of the only recovered "falls" among the ALC, Acapulco, and Lodran, for spectral comparison to our EATG-treated acapulcoite-lodranite meteorite finds (Table 8 ). These falls show minimal effects of terrestrial alteration and therefore provide suitable characteristic spectra of "fresh" acapulcoitelodranite meteorites.
Two lodranites, NWA 5488 and NWA 7312, contain significant amounts of opxAEcpx (see supporting information), but well-defined absorption bands are absent in the 2 lm region (Fig. 6b) . NWA 5488 is spectrally flat longward of a subtle~1 lm absorption feature, and the spectrum of NWA 7312 displays a gradual reddening in reflectance longward of the 1 lm region. Spectra of materials containing pyroxene can exhibit a 1 lm band while also displaying little or no indication of a 2 lm absorption band (Cloutis et al. 2010 ). This effect has been observed in shock-darkened ordinary chondrites (Britt and Pieters 1994) and has been predicted from theoretical modeling (Moroz and Arnold 1999) . Shock darkening is caused by the dispersion of micron-scale FeNi metal and troilite (Britt and Pieters 1994 ) and may be a process affecting these meteorites. Without the presence of an~2 lm absorption, we cannot derive Band II centers and BARs for these samples, so NWA 5488 and NWA 7312 are not included in our spectral band parameter analysis. for 16 ALC meteorites (10 of our sample suite plus six from the literature; see below) in relation to those of enstatite (E) chondrites and ordinary chondrites (H, L, and LL). Increasing oxygen fugacity (fO 2 ) trend shown with arrow. Lodranites (dashed box) are more iron-rich than acapulcoites (solid box) and the two groups plot in separate fields with some overlap. The E chondrite field is from Hiroi et al. (1993) and the ordinary chondrite fields are from Dunn et al. (2010a) . NWA 7312 is highly reduced compared to the other ALC meteorites and plots in the E chondrite field. Mineral compositions from: Acapulco (Zipel et al. 1995) , Lodran (Bild and Wasson 1976) , ALH 81261 and ALH 81187 (McCoy et al. 1996) , EET 84302 (Mittlefehldt et al. 1996) , and GRA 95209 (McCoy et al. 2006 ).
Iron oxides/hydroxides (e.g., limonite) from terrestrial weathering typically exhibit an absorption edge near 0.55-0.6 lm, absorption bands centered near 0.5 and 0.9 lm, and weaker absorptions associated with OH À may also be present in the 1.4 and 1.9 lm regions (Hiroi et al. 1993; Cloutis et al. 2010) . The presence of iron oxides/hydroxides can mask the characteristic spectral properties associated with the Fe 2+ content and modal abundances of olivine and pyroxene.
To compare the spectra of our weathered acapulcoitelodranite powders with "cleaned" powder spectra, we plotted the Band I centers versus BAR for our ALC samples before and after treatment with EATG (Fig. 7) . From an inspection of Fig. 7 and a comparison of Band I and BAR values for untreated samples (Table 7) and EATG-treated samples (Table 8) , it is apparent that terrestrial weathering has a minimal effect on band center positions. Measured Band I centers are identical or show minimal differences between the untreated meteorite spectra and the EATG-treated spectra. Band II centers also show minimal differences, typically within 0.017 lm between untreated and treated samples. However, it is clear that BAR is significantly affected by the presence alteration products. The untreated, weathered samples have lower measured BAR values than samples treated with EATG (Tables 7 and 8 ; Fig. 7) . EATG-treated samples show deeper bands and therefore an increase in band area, with Band I exhibiting a smaller overall increase in area due to the contribution of a~0.9 lm band from limonite in the untreated samples.
Although we demonstrate that BAR values increase with removal of terrestrial alteration products, some of our EATG-treated spectra still exhibit some noticeable effects of weathering (Fig. 6 ). This is visible as a sharp absorption edge near 0.6 lm for several meteorites (e.g., LEW 86220 in Fig. 6c ). An inflection of the steep redslope near 0.5 lm for many of the spectra (e.g., Dhofar 125 in Fig. 6a ) is also most likely due to unremoved terrestrial alteration. Despite the presence of these residual spectral features due to weathering products, EATG-treated spectra are unmistakably shifted to higher BAR values, toward the "fresh" falls of the clan, Acapulco and Lodran.
As noted earlier, Gaffey et al. (1993) used Band I center versus BAR to characterize the olivine and pyroxene mineralogy and possible meteorite analogs of stony asteroids of the S-complex, separating the Scomplex into seven subtypes (S[I] through S[VII]). Later workers analyzed the spectral properties of meteorite samples to delineate spectral zones in Band I versus BAR parameter space for the establishment of asteroidmeteorite connections with stony S-complex asteroids. Figure 8 shows Band I versus BAR of our EATGtreated acapulcoite-lodranite samples and the meteorite falls Acapulco and Lodran (see Table 8 ) relative to generalized spectral zones for five meteorite groups on a modified version Dunn et al. 2013) of the S-subtype plot.
The acapulcoite-lodranite meteorites we measured have Band I centers between 0.913 and 0.940 lm and BARs between 0.46 and 0.99, and most of the samples cluster near the eponymous falls of the clan, Acapulco and Lodran, in band parameter space. The samples display a restricted range of BAR values compared to the generalized primitive achondrite spectral zone of Burbine et al. (2001) , and plot below the ordinary chondrite "boot" spectral region or overlap with this region. The lodranite samples (except for Lodran) display more overlap with the ordinary chondrite spectral zone than do the acapulcoite samples (Fig. 8) . High levels of shock can cause BAR to decrease, while producing no significant shift in Band I center (King 1986; Cloutis et al. 2010 ). This is a plausible explanation for the low BAR value (0.529 AE 0.002) for lodranite MAC 88177 relative to other samples (see "High shock" arrow in Fig. 8 ) as this meteorite is classified as shock-stage S5 (Rubin 2007) . Acapulocite NWA 2871 has the lowest BAR value (0.464 AE 0.004) of all the samples and plots within the ureilite spectral zone (Cloutis et al. 2010) . This low BAR value may be due to incomplete weathering removal; this meteorite is one of the most weathered of our samples (weathering grade-W3).
Excluding these two meteorites, acapulcoite-lodranite spectra share similar band parameters, although there is some overlap with the bottom boundary of the ordinary chondrite spectral zone. The bottom portion of the ordinary chondrite boot is associated with the H chondrite group of ordinary chondrites (Dunn et al. 2010a) . It may therefore be challenging to discriminate between acapulcoite-lodranite and H chondrite meteorite analogs when comparing asteroid spectral band parameters.
Olivine and Orthopyroxene Compositions/Spectral Band Correlations
Examination of the FeO contents of the equilibrated olivine (Fa) and orthopyroxene (Fs) from this study show that the data cluster into separate fields for acapulcoites and lodranites (Fig. 5) . Furthermore, the Fa and Fs for acapulcoites and lodranites are close to their equilibrium relationships and appear to form a linear trend spanning the two groups. The relationship between the measured Fa and Fs for 10 acapulcoitelodranite meteorites for which we have spectral data (Table 8) 
This linear relationship has an R 2 of 0.86. Dunn et al. (2010a) showed that the Fa content of olivine and Fs content of orthopyroxene in ordinary chondrites (H, L, and LL) correlate well with Band I center, with correlation coefficient (R 2 ) values of 0.92 and 0.91, respectively. We found that the correlation between mafic silicate FeO contents and Band I center for our acapulcoite-lodranite meteorites is poorly constrained, with R 2 values of 0.17 for Fa, and a very low correlation of 0.08 for Fs. The mafic silicate FeO compositions of ordinary chondrites are mainly inherited by the redox state of the solar nebula (Brearley and Jones 1998) . The oxidation states of mafic silicates in acapulcoite-lodranite meteorites are lower than those of H chondrites, the most reduced group of the ordinary chondrites (Fig. 5) . Partial melting of chondritic material produces residues that become increasingly magnesium-rich (FeO poor) with increased partial melting. Perhaps different processes controlling mafic silicate compositions and abundances as opposed to oxidation state (e.g., ordinary chondrites) is the Table 7 . Band parameter analysis for acapulcoite-lodranite meteorite samples (ground particulate <125 lm fraction; RELAB ID suffix "A" for untreated samples). reason for the poor correlation of Fa and Fs with Band I center for ALC meteorites. However, we found a correlation between the Fs content of orthopyroxene within ALC meteorites and Band II center. The relationship between measured Fs and Band II center is shown in Fig. 10 . This relationship is described by a linear fit:
with Fs here being a spectrally derived value. This linear relationship has a R 2 of 0.72. The correlation between Fs and Band II center allows for the estimation of the mol% Fs (spectrally derived) of orthopyroxene for S-complex asteroid spectra that are analogous to acapulcoite-lodranite meteorites. Gaffey et al. (2002) asserted that the presence of high-Ca pyroxene effects Band II position, which they suggested is a linear function of the cpx/(opx+cpx) ratio in the range of values found in ordinary chondrites. Using accurate XRD-measured pyroxene abundances and Band II centers from a suite of ordinary chondrites, Dunn et al. (2010a) found no significant linear correlation (low R 2 value of 0.15) between Band II center and the relative pyroxene abundance. Regardless, perhaps two samples (acapulcoite Dhofar 125 and transitional acapulcoite LEW 86220) that fall furthest from the opx Fs versus Band II center trend in Fig. 10 can be explained by the higher abundance of cpx (see the Petrography section) in acapulcoites (avg. 8.1 vol%) as compared to lodranites (avg. 5.4 vol%) and the presence of significant amounts of cpx (roughly 20 vol%) in the "gabbroic-like" lithology of LEW 86220 ( Fig. 4; see supporting information) . Because there appears to be a well-established correlation between Fa and Fs in acapulcoite-lodranite meteorites (Fig. 9) , the Fa content of olivine from S-complex asteroid spectra that are analogous to acapulcoite-lodranite meteorites can be estimated from Equation 1. Figure 11a shows that spectrally derived Fs values from Equation 2 are correlated with EPMA measured Fs. Interestingly, the two samples with the largest positive offsets from the 1:1 derived to measured ratio line are the acapulcoite Dhofar 125 and the transitional acapulcoite LEW 86220 discussed above. Higher cpx abundances in acapulcoites and in LEW 86220 as compared to lodranites may skew the Band II center with the result that these samples fall furthest from the trend. Figure 11b shows that derived Fa values using Equation 1 are well correlated with EPMA measured Fa, with only slight offsets, except for a large positive offset for LEW 86220. Because the FeO contents of the acapulcoite group plot in a distinct field from that of the lodranite group (Fig. 5) , the calculation of Fa and Fs values from the band parameter analysis of Scomplex asteroid spectra may allow the discrimination of ALC parent bodies.
DISCUSSION
The characteristics of acapulcoites and lodranites presented here prompt interesting questions as to the nature of the ALPB, and the spectral and mineralogic properties of the parent bodies of partially melted asteroids. We discuss two considerations below regarding these questions: the unexpectedly high FeO contents of mafic silicates of the lodranite group relative to the acapulcoite group (see the Puzzling Mafic Silicate FeO Contents of the Acapulcoite-Lodranite Clan section), and clues from the spectral properties of Table 8 . Band parameter analysis for acapulcoite-lodranite meteorite samples (ground particulate <125 lm fraction; RELAB ID suffix "T" for EATG treated samples; falls Acapulco and Lodran untreated). BAR 0 is the band area ratio measured with a red edge of 2.44 lm, BAR adj is the BAR adjusted to 2.50 lm. pyroxene-dominated mineralogies that help to distinguish between potential H chondrite and acapulcoite-lodranite parent bodies (see the Distinguishing H Chondrite and Acapulcoite-Lodranite Clan Parent Asteroids section). Taken together, these considerations provide evidence to decipher the petrologic histories of some S-type asteroids, specifically whether they are nebular (ordinary chondrites), or have experienced some degree of igneous processing (primitive achondrites). Gaffey et al. (1993) , the primitive achondrite zone is from Burbine et al. (2001) , Dunn et al. (2013) , and the ureilite zone is from Cloutis et al. (2010) . The thick black curve indicates the olivine-orthopyroxene mixing line as in Fig. 1 . Band parameters of the only meteorite falls among the clan, Acapulco, and Lodran (larger symbols) are shown for comparison. Changes in these spectral band parameters as a function of increasing clinopyroxene content and shock effects are indicated by arrows. The 1r errors for Band I center and BAR from Table 8 
Puzzling Mafic Silicate FeO Contents of the Acapulcoite-Lodranite Clan
Primitive achondrite meteorites have mineral and bulk compositions that are similar to chondrites in many aspects, but have experienced varying degrees of partial melting. The partial melting of chondritic material will produce silicate partial melts that are enriched in plagioclase and pyroxene (basalts) that are distinctly more ferroan than the solid residue. Therefore, progressive partial melting will result in residual mafic silicate minerals that become increasingly magnesian. The ALC is thought to originate from a single asteroidal parent body (ALPB) (Mittlefehldt et al. 1996; McCoy et al. 1997a) . Acapulcoites have experienced very low degrees of partial melting and therefore have not lost silicate melts, whereas many lodranites have experienced higher degrees of melting (up to~20%) with temperatures hot enough to have segregated basaltic liquids. If both of these groups originated on a single parent body from the same chondritic precursor material, then lodranites should have mafic silicates that are more magnesian than acapulcoites. But in fact, most lodranites from this study contain mafic silicates that are more ferroan than those within the acapulcoites (Tables 3 and  4 ; Fig. 5 ), the converse of what is predicted from partial melting. Our lodranite sample NWA 7312 is the exception, however, and contains highly magnesian (Fa 3.4 ; Fs 3.3 ) olivine and orthopyroxenes compared to our other lodranites and is similar in redox state to the E chondrite group (Fig. 5) . The FeO contents of the residual mafic silicates in NWA 7312 are lower than the acapulcoite specimens in our sample suite and follow those that would be expected from progressive partial melting. However, there is significant overlap of mafic silicate compositions in the range of Fa 3-8 between acapulcoites-lodranites and other primitive achondrite groups, namely winonaites and IAB irons (Keil and McCoy 2018) . Unfortunately, more than 50% of ALC meteorites currently have no supporting oxygen isotope data (Keil and McCoy 2018) , including NWA 7312. Within the range of mafic compositions for primitive achondrites, supporting oxygen isotope data may be the most reliable method to differentiate between these groups. Additional definitive classifications for ALC meteorites and for winonaites/IAB irons would help to constrain mafic silicate compositional trends for these groups.
The reversed FeO content of mafic silicates for ALC meteorites leads to the conclusion that the same chondritic precursor material could not have produced both the acapulcoite and lodranite meteorite groups. If ALC meteorites originated on the same parent body, these precursor materials must have been heterogeneous in composition and were not homogenized by metamorphic or igneous processes (Mittlefehldt et al. 1996) .
Distinguishing H Chondrite and Acapulcoite-Lodranite Clan Parent Asteroids
Our equations to determine the mafic silicate compositions of S-complex asteroid spectra may enable the interpretation of the petrologic histories of some S-complex asteroids, specifically whether they are related to nebular, ordinary chondrite material, or if they have experienced partial melting, and are related to the ALC. However, one difficulty in discriminating between these two distinct petrologic histories is that the spectral parameters in Band I versus BAR parameter space for our 10 acapulcoite-lodranite meteorites overlap with those of the H chondrites. Dunn et al. (2010a) showed that the different groups (H, L, and LL) of the ordinary chondrite class can be separated in Band I center versus BAR parameter space, with H chondrites occupying the lower portion of the OC "boot" meteorite spectral zone. Consequently, the overlap of these spectral parameters would lead to uncertainty for the interpretation of detailed mineralogies for some S-complex asteroid spectra. Specifically, there would be ambiguity whether to estimate the FeO composition of mafic silicates with our Equations 1 and 2, which are valid for acapulcoitelodranite-like parent asteroids, or to derive mineral compositions with the equations of Dunn et al. (2010a) that are valid to estimate the mineralogy of ordinary chondrite-like parent asteroids. To investigate this overlap beyond that of simply plotting spectral parameters relative to generalized meteorite spectral zones, we plotted the Band I centers and BARs of our acapulcoite-lodranite samples versus those of 18 H chondrites analyzed in Dunn et al. (2010a) (Fig. 12) . For their mineralogic calibration study of 48 ordinary chondrites, Dunn et al. (2010a) used a red edge of 2.5 lm for Band II to derive BAR values. The choice of the red edge for Band II in the analysis of NIR spectra can lead to differences in Band II area, which will affect calculated BARs (Lindsay et al. 2016) . In order to directly compare asteroid spectra acquired with the SpeX spectrograph to our acapulcoite-lodranite meteorite spectral parameters, we analyzed our acapulcoite-lodranite spectra with a red edge of 2.44 lm. Therefore, to directly compare the BARs of our acapulcoite-lodranites to the H chondrites analyzed in Dunn et al. (2010a) , we adjusted our BAR values to a red edge of 2.5 lm using the equation of Lindsay et al. (2016) with a slope coefficient for ordinary chondrites:
where BAR adj is the adjusted BAR value, BAR 0 is the BAR measured at the red edge of k 0 (in this case 2.44 lm), and k RE is the red edge wavelength being adjusted to (in this case 2.5 lm). BAR adj values are listed in Table 8 . Figure 12 shows that ALC meteorites cluster near the olivine+orthopyroxene mixing line of Cloutis et al. (1986) , while H chondrites plot above the mixing line. Band I center values for ALC meteorites are on average lower than for H chondrites (average Band I centers of 0.926 and 0.939 lm, respectively).
However, there is some overlap of BAR values between the groups. It is apparent from Fig. 12 that Band I center versus BAR is not a definitive discriminator between the ALC and H chondrites. Relationships between spectral absorption band centers and pyroxene compositions Fs and Wo (mol% wollastonite; CaSiO 3 ) were first examined with natural pyroxenes by Adams (1974) and revisited by Cloutis and Gaffey (1991) . These relationships were then further studied using synthetic pyroxene samples by Klima et al. (2007 Klima et al. ( , 2011 . Equations derived from these spectral relationships have been applied to estimate the pyroxene compositions of olivine+pyroxene assemblages from S-complex asteroid spectra (Gaffey et al. 2002) . However, these mineralogic equations have been shown to overestimate (by 8-20 mol%) measured Fs compositions when applied to the spectra of ordinary chondrite-like mineral assemblages , limiting the usefulness of these equations. More recently, absorption band centers have been used to estimate the pyroxene compositions of HED meteorites (Burbine et al. , 2009 , and band centers have shown to be successful at separating the howardite, eucrite, and diogenites groups in plots of Band I center versus Band II center parameter space (Burbine et al. 2009; Moskovitz et al. 2010; Beck et al. 2011; McSween et al. 2013) . To investigate if absorption band centers are effective in discriminating between acapulcoite-lodranite and H chondrites meteorites, we plotted Band I center versus Band II center for our acapulcoite-lodranite meteorites against the band centers of the same H chondrites (Dunn et al. 2010a ) shown in Fig. 12 . Cloutis et al. (1986) showed that Band I and Band II center positions can be used as a gauge of FeO content in olivine and orthopyroxene, and that BAR is a useful indicator of the relative modal abundance of these minerals. The differences in FeO content of olivine (Fa) and orthopyroxene (Fs) in ALC meteorites (ranges of Fa 3.5-15 , Fs 6.5-14.5 ) are lower than those of the H chondrites (ranges of Fa [16] [17] [18] [19] [20] ) and these differences in mafic silicate mineral chemistry (see Fig. 5 ) separate ALC meteorites from H chondrites in Band I versus Band II parameter space (Fig. 13 ). The ALC and the H chondrite group plot in distinct fields in this parameter space, which enable the discrimination of potential asteroidal parent bodies between these groups from band parameter analysis of S-complex asteroid spectra. Comparison of S-complex asteroid spectral parameters to these fields allows for the appropriate choice of equations for the estimation of olivine and orthopyroxene FeO content. For example, if the meteorite analog spectral zone of an S-complex asteroid spectrum is ambiguous between the ALC and the H chondrites in Band I center versus BAR parameter space (Fig. 12) , an examination of Band I versus Band II center parameter space should reveal the distinction. If band centers plot in the field defined by our acapulcoitelodranite meteorites in Fig. 13 , then Fs can be calculated from Band II center using Equation 2, and then the relationship between Fa and Fs defined in Equation 1 can be used to estimate Fa. If band centers plot in the region defined by H chondrite meteorites in Fig. 13 , then Fa and Fs can be calculated from the Band I center using equations valid for ordinary chondrites described in Dunn et al. (2010a) . The mineralogical distinction between ALC meteorites and H chondrites can be revealed through spectral parameters, which enable the characterization of partially melted parent bodies from nebular ordinary chondrite parent bodies.
SUMMARY
Spectral and mineralogical studies of meteorites afford the best possibility of linking meteorite groups with their parent asteroid(s) using solely ground-based asteroid spectral observations. Using spectral properties, relationships between the mineralogy of stony meteorites and S-complex asteroid surface mineralogy have been well established for nebular ordinary chondrites and for igneous basaltic achondrites. Here, we have analyzed the spectral parameters and mafic silicate compositions of a suite of acapulcoite-lodranite clan meteorites to establish asteroid-meteorite connections between these partial melt residues and their S-complex parent asteroids. Previously, the identification of potential Scomplex parent asteroids for the acapulcoite-lodranite clan was difficult in part due to the lack of high-quality reflectance spectra of these relatively rare and usually weathered meteorites. To address this need, we applied a method for the neutralization and removal of terrestrial weathering products. We show that the presence of terrestrial weathering products in meteorite powders mainly reduces measured BAR values and that the band center positions of olivine and orthopyroxene are mostly unaffected by the application of the EATG weathering removal method.
FeO mineral compositions of orthopyroxene (Fs) and coexisting olivine (Fa) are well correlated in acapulcoite-lodranites and form a linear trend in Fa versus Fs parameter space that spans the two meteorite groups of the clan. Lodranites are generally more ironrich than acapulcoites (the opposite of the expected partial melting trend) and the two groups cluster in separate Fs versus Fa fields, requiring that the chondritic source materials of the two groups were different if they come from the same parent asteroid. Correlations between mineral chemistry and spectral parameters in our suite of 10 acapulcoite-lodranite clan meteorites indicate that a well-defined relationship exists between Band II center and Fs content of orthopyroxene, thus the derived Fs content can be used to estimate the Fa content of the coexisting olivine. These correlations can be used to calculate mineral compositions from the spectra of S-complex parent bodies that are related to acapulcoite-lodranite meteorites. The spectral properties of acapulcoite-lodranite clan meteorites cluster Fig. 13 . Band I center versus Band II center for ALC meteorites (this study) and H chondrite meteorites (data from Dunn et al. 2010a ). The ALC and the H chondrite group plot in distinct fields in this parameter space allowing for the discrimination of potential asteroidal parent bodies from the analysis of asteroid spectra. Errors are on the order of the symbol size. (Color figure can be viewed at wileyonlinelibrary.com.)
in Band I center versus BAR parameter space near the previously defined primitive achondrite spectral zone. However, acapulcoite-lodranite spectral parameters overlap with those of H chondrites in this parameter space, blurring the ability to distinguish between nebular ordinary chondrite parent bodies and parent bodies that may have experienced partial melting. Nevertheless, we find that a plot of Band I versus Band II center parameter space clearly distinguishes the acapulcoite-lodranite clan and the H chondrites. These data will enable more robust asteroid-meteorite connections for the identification of Scomplex asteroids that may be parent bodies for primitive achondrites.
SUPPORTING INFORMATION
Additional supporting information may be found in the online version of this article: Fig. S1 . Backscattered electron (BSE) images of portions of acapulcoite polished sections: a) MET 01212's granular, metal-rich texture displays welldefined metal blebs, metal within the grain interstices, and metallic veins that crosscut the silicates. b) Dhofar 125's equigranular, recrystallized texture, and abundant 120°triple junctions are readily visible in this image. Most grain interstices are filled with FeNi metal. c) NWA 725 is very fine-grained (~0.1 mm) for an acapulcoite. This rock has a granular texture with abundant 120˚triple junctions and metal blebs. d) In NWA 2871, grain interstices are filled with metal and metallic veins crosscut the silicates, and FeNi metal appears to have undergone melt migration in grains interconnected with vein channels. Fig. S2 . Backscattered electron (BSE) images of portions of lodranite polished sections: a) MAC 88177 contains clinopyroxene as an interstitial phase that displays exsolution lamellae of orthopyroxene and inclusions of metal and troilite. b) NWA 5488 has olivine grains that contain numerous blebs of FeNi metal and/or troilite and are typically crosscut by metallic veins. Clinopyroxene contains exsolution lamellae of orthopyroxene and discontinuous veinlets of metal and troilite. c) NWA 7312 has a crystalline texture with abundant 120˚triple junctions, coarse grain-size, olivine and orthopyroxene make up most of the mineralogy of this meteorite, plagioclase was not detected in our polished section, and some orthopyroxene grains contain bleb-like inclusions of olivine. d) NWA 7674's olivine grains contain numerous blebs of FeNi metal and/or troilite and are typically crosscut by metallic veins, with metal ubiquitous in the grain interstices. Table S1 . Modal abundances of phases in acapulcoites and lodranites (vol%).
Data S1. Acapulcoite petrographic descriptions. Data S2. Lodranite petrographic descriptions.
